Iron-based conversion cathode, FeOF is attractive, because of the low cost and the large specific capacity. However, the synthesis is not easy and it cannot be used as cathode against carbonaceous anode. To overcome these drawbacks, we focused on the LiFeOF phase, which has the same chemical composition as the discharged intermediate product of FeOF cathode. LiFeOF can be easily synthesized from LiF and FeO by the dry ball-milling method at room temperature. The reversible capacity was 292 mAh g −1 with an average voltage of 2.5 V and an energy density over 700 Wh kg
Introduction
Rechargeable Li-ion batteries are considered the most advanced energy storage system, and the demand for Li-ion batteries has increased in recent years due to their wide application to electric vehicles and small electric devices. The insertion-type cathodes in commercially available Li-ion batteries generally consist of lithium 3d-transition metal oxides such as LiCoO 2 , LiMn 2 O 4 , and LiFePO 4 . In many cases, the voltage is relatively high, but the specific capacities are not so large, because they are limited to a 1Li insertion/extraction based on one steep redox reaction such as Fe 2+ / Fe 3+ . Therefore, the performance of Li-ion batteries is mainly determined by the electrode materials. As a breakthrough in post Liion batteries, iron-based conversion-type cathode materials have attracted attention by virtue of their low cost and high theoretical capacity. Among them, Fe 2 O 3 1 has the highest theoretical capacity and FeF 3 2,3 has the highest average voltage. On the other hand, FeOF shows the highest energy density. 4 In particular, moving from iron fluorides into iron oxyfluoride, one can expect the cyclability and conductivity to improve by the introduction of covalent M-O bonds into the highly ionic fluoride structure. F. J. Brink et al. reported the solid-state synthesis at elevated temperatures (950°C, 24 h) of FeO x F 2¹x solid solutions by utilizing FeF 3 and Fe 2 O 3 precursors. 5 N. Pereira and co-authors 6 reported carbon-iron oxyfluoride nanocomposites (FeOF/C) synthesized using a solution process. The discharge capacity of FeOF/C was 430 mAh g ¹1 , which corresponded to 48.6% of the theoretical capacity based on the 3Li reaction per FeOF (885 mAh g ¹1 ). However, it is difficult to synthesize the uniform single phase by conventional solid state or solution process synthesis. Therefore, we developed the easy synthesis method of FeOF using the roll-quenching method and investigated the cathode properties of obtained FeOF for Li-ion batteries. 7 The resultant FeOF showed an excellent reversible capacity of 550 mAh g ¹1 , corresponding to 1.8 Li per FeOF. However, the conversion-type cathodes are not practical for application in Li-ion batteries. Generally, the cathode electrodes are limited to the initial composition including a Li-ion, because Li metal and Li-containing anode materials are unfavorable due to safety concerns and chemical instability. Therefore, a LiF-Fe nanocomposite having the same chemical composition as the discharged state of FeF 3 cathode was prepared using the mechanical ball-milling method, pulse laser deposition, and combinatorial cosputtering methods, and its electrochemical performance was evaluated. [8] [9] [10] The first discharge capacity of the LiF-Fe nanocomposite cathode using mechanical ball milling was 220 mAh g ¹1 , which corresponded to 30.9% of the theoretical capacity based on the 3Li reaction per FeF 3 (712 mAh g
¹1
). On the other hand, S. W. Kim and co-author suggested LiF-FeF 2 nanocomposite as cathodes for Li-ion batteries. 11 Actually, LiF-FeF 2 nanocomposite showed a reversible specific capacity of ca. 190 mAh g
, which corresponded to 84% of the theoretical capacity based on the 1Li reaction per LiFeF 3 (225 mAh g ¹1 ), with an average voltage of 3.58 V. In this work, we focused on the LiF-FeO composite cathode, which has the same chemical composition as the discharged intermediate product of FeOF cathode; it is prepared using the mechanical ball-milling method. In addition, the cathode properties of the obtained product were evaluated against lithium metal or Li 4 Ti 5 O 12 (LTO). To determine the charge-discharge reaction mechanism of the obtained cathode materials, the local structure and crystal structure changes during the discharge reaction were investigated by a synchrotron-based X-ray absorption spectroscopy (XAS), X-ray diffraction (XRD) measurement.
Experimental
The LiF-FeO/C was prepared by three-step mechanical ballmilling. First, the mixture of LiF (Wako) and FeO (Wako) with the molar ratio of LiF:FeO = 1.2:1 was put in the Ar-filled atmosphere control container with T3-ZrO 2 balls. This mixture was ball-milled using a planetary mill (Fritsch, Pulverisette7) with a rotation speed of 600 rpm under ambient Ar for 24, 48, and 72 h. Secondary, the obtained mixture was ball-milled with 5 wt% acetylene black (AB, Denki Kagaku) with a rotation speed of 600 rpm for 24 h. And then the above mixture was ball-milled again with 20 wt% AB in Ar. Cathode pellets were fabricated by mixing the LiF-FeO/C powder with a 5% polytetrafluoroethylene (PTFE) Teflon binder (Polyflon PTFE F-104, Daikin Industry) and punched into disks (ca. 20 mg weight and 10 mm diameter). The electrochemical performance of the LiF-FeO/C was evaluated with a 2032 coin-type cell using a nonaqueous electrolyte (1 M LiPF 6 /EC:DMC = 1:1 in volume, Tomiyama Pure Chemical Industries) and a polypropylene separator (Celgard 3501) against lithium metal (Honjo Metal Co., Ltd.). All The Electrochemical Society of Japan http://dx.doi.org/10.5796/electrochemistry.83.885 cells were assembled in an Ar-filled glove box. The chargedischarge measurement was performed in galvanostatic mode, and the test temperature was 25°C. Cathode pellets for XRD and XAFS measurement were carefully taken from the cells in an Ar-filled glove box, washed, and immersed in DMC for one night to remove the electrolyte. They were then dried prior to being set in Ar-filled sample folders (Rigaku) for XRD measurement, and sealed in Al laminate for XAFS measurement.
The obtained LiF-FeO/C powder and pellets after the charge or discharge processes were characterized with an X-ray powder diffractometer (XRD, 50 kV and 300 mA, Cu-KA, TTRIII, Rigaku). The XRD data for the obtained powders and pellet samples were taken under an Ar atmosphere to avoid oxidation of the iron in air. X-ray absorption of the iron K-edge using synchrotron radiation was measured at room temperature at beamline BL11 of Saga Light Source using a double Si (1 1 1) monochromator. The thickness of the cathodes allowed the transmission mode measurement (Fe Kedge).
Results and Discussion

Characterization of obtained LiF-FeO/C powder
The obtained samples, which were prepared by mechanical ballmilling, were characterized by XRD measurement and SEM image, as shown Fig. 1 . Figure 1 (a) compares the XRD profiles of obtained products for (1) the 24 h-milled sample, (2) the 48 h-milled sample, (3) the 72 h-milled sample, and (4) the FeOF cathode pellet after discharge down to 1.8 V (electrochemical synthesis of LiFeOF phase), respectively. As milling time increased, the XRD patterns of the obtained products changed from those of LiF and FeO. In particular, after 72 h of milling, diffraction peaks were observed at 36°, 43°, and 62°. These peaks were similar to those of the FeOF electrode after 1Li insertion into the FeOF structure. 6, 7 Therefore, LiFeOF, which has the same structure as the discharged intermediate product of the FeOF cathode, was obtained from the ball-milling method. The obtained LiFeOF is indexed as a cubic structure with the space group Fm-3m, and the obtained lattice constant was a = 4.24 ¡. The obtained LiFeOF/C after 72 h of milling was composed of nanocrystallites less than 1 µm in diameter (Fig. 1b) .
The electrochemical properties of
LiFeOF cathode vs. Li metal Figure 2 shows the initial charge and discharge curves of the obtained LiFeOF composite cathode at a rate of 11.2 mA g ¹1 . During the initial charge process, the cell voltage gradually increased through inflection points at around 3.2 V. The initial charge and discharge capacities of obtained LiFeOF by ball-milling for 24 h were 131 mA g ¹1 and 110 mAh g
¹1
, respectively. In cases of long milling times, such as 42 h and 72 h, the initial charge/ discharge capacities were 188/184 mAh g ¹1 (48 h-milled sample) and 239/253 mAh g ¹1 (72 h-milled sample). In particular, when the second discharge curves for FeOF vs. Li metal were compared with those for the LiFeOF cathode (72 h-milled sample), the chargedischarge profiles of obtained LiFeOF (72 h-milled sample) were similar to those of FeOF. Moreover, during the initial charge process, the inflection region at around 3.2 V increased with milling time. These results suggested that the initial charge and discharge capacities increased due to generated LiFeOF phase. Based on these results, LiFeOF was prepared using particulates of starting materials due to the improvement of reactivity; LiF and FeO were milled for 24 h in Ar by dry mechanical ball-milling. The mixture of LiF and FeO particulate was milled by dry-mechanical ball-milling under ambient Ar for 24 h, and the obtained mixture and 5 wt% AB were then milled again. Hereinafter, the above LiFeOF is called LiFeOF (fine). Figure 3 shows the initial and second charge-discharge curves of the obtained LiFeOF (fine) cathode at a rate of 11.2 mA g
. The initial charge capacity up to 4.9 V was 265 mAh g ¹1 , which almost corresponds to the theoretical capacity (275 mAh g ¹1 ). During the first discharge process, the first discharge capacity was 292 mAh g ¹1 with 110% discharge/charge efficiency. A previous study has reported that the conversion reaction of FeOF against Li metal started below 1.8 V in the discharge process. 6, 7 Therefore, the Electrochemistry, 83(10), 885-888 (2015) discharge reaction of LiFeOF cathode around 1.8 V was included in the conversion reaction of FeOF. The discharge rate capability of LiFeOF between 1.8 and 4.9 V (Fig. 4) was studied with various currents ranging from 11.2 mA g ¹1 (0.025 C rate) to 44.9 mA g ¹1 (0.2 C rate). Hereinafter, 1 C rate corresponds to a current rate of 275 mAh g ¹1 , which in the ideal case gives complete discharge in 1 h. The initial discharge capacity of LiFeOF (fine) vs. Li remained 190 mAh g ¹1 even at a rate of 44.9 mA g ¹1 . The energy density of the obtained LiFeOF (fine) at a rate of 11.2 mA g ¹1 was 730 Wh kg
, and it showed the higher energy density than that of LiFePO 4 (540 Wh kg ¹1 ).
Electrochemical properties for LiFeOF (fine) cathode vs.
LTO anode ion-type cell Figure 5 shows the initial and second charge/discharge curves of the obtained LiFeOF cathode//LTO anode at a rate of 11.2 mA g ¹1 . The cathode/anode weight balance for this ion-type cell is 1:2, and the cathode/anode capacity balance is 1:1.1. The initial charge and discharge capacities per cathode weight were 180 mAh g ¹1 and 149 mAh g ¹1 with 83% discharge/charge efficiency. Actually, the charge and discharge reaction for LiFeOF//LTO ion-type cell progresses by insert/extract lithium for obtained LiFeOF cathode. Figure 6 shows the cyclability of the obtained LiFeOF in the potential window between 0.3 and 3.4 V. The discharge capacity was 130 mAh g ¹1 even after 30 cycles, and the cycling efficiency of LiFeOF was an 87%. These results indicated that the chargedischarge reaction for this ion-type cell progressed by Li ions in LiFeOF.
3.4 Structure change for LiFeOF during the charge-discharge process Figure 7 shows the near-edge X-ray absorption spectra of cathode pellets of the obtained LiFeOF at (a) the initial state, (b) the charge endpoint (4.9 V), and (c) the discharge endpoint (1.8 V), with FeO and Fe 2 O 3 as reference. Notably, the Fe K-edge position shifted to 7113 eV from 7112 eV when the charge reaction progressed to 4.9 V from the initial state. During the first discharge process, the Fe K-edge position returned to almost the original position; namely, the charge and discharge reactions for LiFeOF advanced by Fe 2+ /Fe 3+ redox. Moreover, the small pre-edge feature near 7112 eV was unchanged by changes in the lithium content per Li 1¹x FeOF. This pre-edge feature corresponds to 1s ¼ 3d transitions, which are dipole forbidden in octahedral symmetry. Therefore, the local structure around iron was unchanged during the charge and discharge reactions for LiFeOF cathode. To confirm the structural change of the cathode in the first cycle, ex-situ XRD measurements for LiFeOF pellets were obtained at three points: the initial state, the charge endpoint, and the discharge endpoint, under an Ar atmosphere. Figure 8 compares the XRD profiles of cathode pellets of the obtained LiFeOF at (a) the initial state, (b) the charge endpoint (4.9 V), and (c) the discharge endpoint (1.8 V). All XRD diffraction peaks shifted to a higher 2ª angle from that of the initial state in the initial charge process, and returned to almost the original position after the first discharge process. The change of the a axis of LiFeOF during the initial charge-discharge process was 4.24 ¡ (initial state) ¼ 4.19 ¡ (charge endpoint) ¼ 4.24 ¡ (discharge endpoint). Meanwhile, the unit cell volumes were 76.2 ¡ 3 (initial state), 73.6 ¡ 3 (charge endpoint), and 76.2 ¡ 3 (discharge endpoint), and the unit cell volume change of LiFeOF accompanying the extraction/insertion of lithium was ¹3.4%. In addition, some unknown phases were not detected from the XRD profile. These results indicated that the framework of LiFeOF is stable enough to maintain its charge-discharge processes at the first cycle.
Conclusion
LiFeOF, which indexed as a cubic structure with the space group Fm-3m, was obtained by the dry ball-milling method under ambient pressure. The obtained LiFeOF showed an excellent reversible capacity of 292 mAh g ¹1 , corresponding to 1Li reaction. The energy density of the obtained LiFeOF was 730 Wh kg ¹1 , the higher energy density than LiFePO 4 . In the LiFeOF cathode//LTO anode ion-type cell, the charge-discharge reaction was progressed by Li ions in LiFeOF, and this ion-type cell showed good cyclability. In addition, the XRD measurements proved that the LiFeOF cathode can accommodate the extraction/insertion of lithium by the reversible expansion and contraction of the lattice.
